Summary p53 mutations are among the most common genetic alterations in human cancer and are frequently described in intrinsic or acquired radio-and chemotherapy resistance. Radiation-induced cell kill is not only mediated by DNA damage but also by the activation of signal transduction cascades generated at the plasma membrane like the sphingomyelin pathway. We used genetically defined wild-type p53 or p53-deficient mouse fibrosarcoma cells to investigate the p53-dependence of tumour response upon activation of the sphingomyelin pathway. Treatment of the tumour cells with neutral sphingomyelinase drastically reduced the amount of wild-type p53 fibrosarcoma cell proliferation over 72 h in a clear dose-response (0.2-1.0 U ml Ϫ1 nSMase). Sphingomyelinase had no effect on cell proliferation in tumour cells lacking p53. Similarly, cell proliferation was abolished by C2-ceramide (5-20 µM) only in wild-type p53 cells. FACS-analysis revealed that C2-ceramide induced massive p53-dependent apoptosis (40-50% after 12-24 h) and cell cycle analysis showed a transient G1 arrest in p53-deficient tumour cells 12-24 h after C2-ceramide exposure. These results suggest that ceramide-induced apoptosis in tumour cells can be dependent on the status of p53 and imply that p53 is also important for stress-induced apoptotic signal transduction cascades generated at the plasma membrane.
An increasing body of evidence indicates that spontaneous and treatment-induced apoptotic tumour cell death has wide implications for cancer therapy and as a prognostic factor (Wyllie, 1993; Hannun, 1997) . This has led to reconsider the mechanisms of how tumour cells respond to cancer therapy (e.g. chemotherapy and ionizing radiation (IR) (Fisher, 1994) . Induction of DNA doublestrand breaks was considered as the major mechanism of IRinduced cell death. However, more recent studies focus on multiple IR-induced signal transduction cascades generated at the plasma membrane, that trigger cells to undergo apoptosis (Suzumiel, 1994; Maity et al, 1997) .
The p53 tumour suppressor gene is a key element in the nucleus to regulate normal cell cycle activity and is often cited to be the 'guardian of the genome'. p53 is one of the most frequently mutated genes in advanced human cancer and, if mutated, is often an inverse prognostic factor for outcome (Harris, 1996; Maity et al, 1997) . p53 is activated upon DNA damage and, in response to other cytotoxic agents and can enhance the cytotoxic effect of IR through apoptosis induction in many human malignancies (Ruley, 1996) .
The sphingomyelin pathway is an important apoptotic cell death pathway that is generated at the cell membrane by various triggers, e.g. IR, tumour necrosis factor (TNF)-α and Fas/Apo-1 (Obeid et al, 1993; Haimovitz-Friedman et al, 1994; Herr et al, 1997) . This pathway is initiated by hydrolysis of sphingomyelin by specific phospholipases (sphingomyelinases) to generate the intracellular apoptotic second messenger ceramide. Activation of the sphingomyelin pathway and subsequent generation of ceramide by IR was shown to be independent of DNA damage (HaimovitzFriedman et al, 1994) . The second messenger ceramide has been shown to activate the stress-induced apoptotic JNK/SAPK cascade in some cell systems and is also involved in the coordination of cytokine-induced apoptotic pathways (Chinnaiyan et al, 1996; Verheij et al, 1996; Haimovitz-Friedman et al, 1997) . Furthermore, ceramide has been shown to induce cytochrome C release from mitochondria in acute myeloid leukaemia cells to activate caspase 3-like activity (Amarante-Mendes et al, 1998) .
In this study we investigated if the p53 status of tumour cells can modulate the apoptotic response upon activation of the sphingomyelin pathway. For this purpose we used a cell-permeable ceramide derivative or neutral sphingomyelinase (nSMase) in a genetically defined tumour system with a strict p53-dependent response to IR and various chemotherapeutic agents (Jacks et al, 1994; Lowe et al, 1994a) .
MATERIALS AND METHODS

Cell culture and irradiation
Cell lines of p53ϩ/ϩ and p53Ϫ/Ϫ mouse embryo fibroblasts (MEF) were derived from 13.5-day-old embryos and transformed by co-expression of E1A and T24 H-ras (referred to in the manuscript as ras) (Lowe et al, 1993b) . These oncogenically transformed fibrosarcoma cells were used at low passage numbers and cultured at 5% carbon dioxide atmosphere in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum (FCS) and 10% bovine calf serum (BCS) (HyClone Laboratories) supplemented with penicillin and streptomycin. The characteristic p53-dependent response to ionizing radiation and apoptosis induction of these tumour cells were verified monthly. Irradiation of the cells was carried out at room temperature in tissue culture dishes (100 ϫ 100 mm) with a 6 MV linear accelerator at a dose rate of Ceramide triggers p53-dependent apoptosis in genetically defined fibrosarcoma tumour cells 2 Gy per min. Dosimetry was controlled with a Vigilantdosimeter. A 9 mm bolus on the tissue culture dishes was used for a build-up effect.
Cell proliferation and clonogenic assay
The cell permeable C2-ceramide (N-acetylsphingosine) and the metabolically inactive C2-dihydroceramide (N-acetyldihydrosphingosine) were purchased from BIOMOL (Plymouth Meeting, PA, USA), the enzyme neutral sphingomyelinase derived from Staphylococcus aureus from Sigma (St Louis, MO, USA). Dissolved C2-ceramide (in dimethyl sulphoxide) and C2-dihydroceramide (in EtOH) was diluted in DMEM to the final concentration. nSMase was diluted in serum-free medium. For the experiments, cells were washed in serum-free medium and incubated with the drugs for 6 h in DMEM containing 0.5% FCS. After 6 h, serum was added to the final concentration of 20%. Tumour cell proliferation was assessed by the colourimetric alamarBlue assay that is based on detection of metabolite activity according to the protocol of the manufacturer (Biosource International, Camarillo, CA, USA). Absorption was measured at 570 and 600 nm using a Dynatech MR5000 spectrophotometer. To determine clonogenic survival, the number of singular cells plated was adjusted to obtain about 100 colonies per dish with a given treatment. After exposure to the different drugs, cells were maintained at 37ЊC in a humidified atmosphere containing 5% carbon dioxide. Cells were then allowed to grow for 8-10 days before fixation in methanol/acetic acid (75%/25%) and staining with crystal violet. Only colonies with more than 50 cells per colony were counted. The plating efficiency (PE) of untreated cells was determined and calculated by PE (%) ϭ (scored colonies/number of plated cells) ϫ 100. The surviving fraction (SF) with a given treatment was determined by SF ϭ (scored colonies) / (number of plated cells ϫ PE/100).
Quantification of apoptosis and cell cycle analysis
Cells were prepared for apoptosis and cell cycle analysis using flow cytometry (Darzynkiewic, 1995) . Briefly, adherent and floating cells were collected at different time points, fixed with 70% ethanol overnight at Ϫ20ЊC, washed with HBSS and resuspended in 1 ml of HBSS containing 50 u DNAase-free RNAase A per ml and propidium iodine (20 µg ml Ϫ1 ). FACS analysis was performed on a FACScan (Becton Dickinson) and data of the different cell populations were analysed using Cell Quest software (Becton Dickinson). At least three independent experiments were performed for each set of data. For cell cycle quantification, the amount of apoptotic cells were subtracted from the total cell population and the amount of surviving cells are shown as 100%.
RESULTS
Inhibition of cell proliferation after sphingomyelin pathway activation is p53-dependent
Cell proliferation after induction of the sphingomyelin pathway was determined in transformed fibrosarcoma cells. This tumour cell system consists of E1A/ras transformed mouse embryo fibroblasts from either wild-type (ϩ/ϩ) or p53-knockout (-/-) mice and was previously described for its strict p53-dependent response to treatment with IR and different cytotoxic drugs in vitro and in vivo using nude mice as tumour carriers (Lowe et al, 1994a) . Activation of the sphingomyelin pathway was achieved either by treatment of the cells with bacterial nSMase and subsequent generation of the apoptotic second messenger ceramide, or by the addition of membrane-permeable C2-ceramide. Increasing doses of nSMase drastically reduced proliferation of wild-type p53 fibrosarcoma cells as assessed with the alamarBlue assay, a proliferation assay comparable to tetrazolium salt based (MTT-assay) quantification of cell metabolism. Proliferation was reduced in a clear dose-response and no metabolic activity was detected for at least 72 h after treatment with 0.8 U ml Ϫ1 of SMase ( Figure 1A ). In the p53-deficient fibrosarcoma cells, cell proliferation was maximally reduced by 27%, even after treatment with high doses of SMase ( Figure 1B) .
In comparison to nSMase concentrations used in leukaemic cell lines for sphingomyelin pathway activation and apoptosis induction, tenfold higher concentration of nSMase (0.6 and 0.8 U ml Ϫ1 of nSMase) was required to reduce the proliferation of the wild-type p53 fibrosarcoma cells. This could be due to a different lipid composition of this cell type or a restricted accessibility of nSMase to the cell membrane of adherent cells. Higher doses of nSMase were also required for sphingomyelinase-induced apoptosis in adherent bovine aortic endothelial cells (Haimovitz-Friedman et al, 1994) .
To bypass differences in ceramide generation by nSMase due to possible variations of the cellular lipid composition, subsequent studies on cell proliferation were also performed with the synthetic and cell-permeable ceramide analogue N-acetyl-sphingosine (C2-ceramide). C2-ceramide (5 µM) reduced the amount of proliferation in the wild-type p53 tumour cells up to 50% and at higher concentrations of C2-ceramide (10 and 20 µM respectively), no proliferative activity could be detected for at least 96 h. These concentrations of C2-ceramide are in the range as previously used for other cell lines ( Figure 1C ) . A reduction of p53-/-tumour cell proliferation was only observed at the highest C2-ceramide concentration of 20 µM used for these experiments. Lower doses of C2-ceramide (5 and 10 µM) revealed no growth inhibition in this relatively radio-and chemoresistant cell line ( Figure 1D ). The metabolically inactive dihydro-C2-ceramide analogue had no effect on cell proliferation in both cell lines. Thus, decreased tumour cell proliferation after activation of the sphingomyelin pathway either by the nSMase or by cell-permeable C2-ceramide was dependent on the p53 status of the cell.
Next, we determined the effect of sphingomyelin pathway activation on the clonogenic survival of the wild-type p53 and p53-deficient tumour cells. Singular seeded wild-type p53 and p53-deficient fibrosarcoma cells were allowed to grow for 8-10 days in presence of nSMase (1 U ml Ϫ1 ) or C2-ceramide (20 µM), at concentrations which revealed a distinct p53-dependent difference in proliferation as described above. Tumour cell colony formation of the wild-type p53 and p53-deficient cells after treatment with nSMase or C2-ceramide was compared to colony formation after irradiation (Figure 2 ). Whereas nSMase treatment of the p53-/-cells had almost no effect on the reproductive integrity, a reduction in colony formation of 25% and 40%, respectively, was observed after treatment with 20 µM C2-ceramide and 5 Gy IR. In the p53ϩ/ϩ tumour cells, colony formation after nSMase and irradiation was reduced to 65% and C2-ceramide treatment reduced clonogenic survival up to 90% (mean values of several independent experiments, see legend to Figure 2) . Thus, similar to the response to irradiation, sphingomyelin pathway activation strongly reduced clonogenic survival of wild-type p53 tumour cells but not of p53-deficient cells. Interestingly, the difference in cell survival between the two cell lines was even more distinct after sphingomyelin pathway activation than after treatment with 5 Gy IR.
We tested whether decreased proliferation and reduced clonogenic survival in the wild-type p53 tumour cells after ceramide exposure was due to p53-dependent induction of apoptosis. Characteristic morphological changes suggestive for apoptosis, such as chromatin condensation and nuclear fragmentation, were detected in the wild-type p53 cells after IR or C2-ceramide treatment and were only incidentally found in p53-deficient cells (data not shown). The amount of apoptosis in the different cell lines was quantified by flow cytometry. The p53ϩ/ϩ and p53-/-fibrosarcoma cells were treated with C2-ceramide (20 µM) and analysed for apoptosis 12 and 24 h after drug addition. In the p53-deficient cell population, increase of ceramide-induced apoptosis was less than 5% of the total cell population at different time points ( Figure   Ceramide 3). However, treatment of the p53ϩ/ϩ cells with C2-ceramide increased the amount of apoptotic cells up to 45% of the whole cell population. Beyond 24 h, the amount of apoptotic cells declined (data not shown).
In addition to the induction of apoptosis, treatment of cells with ceramide can also lead to growth arrest. We examined the p53-deficient, but otherwise isogenic, E1A/ras transformed tumour cells for ceramide-induced cell cycle alterations. Treatment with C2-ceramide induced a transient accumulation of cells in G1 phase. The maximal accumulation of cells in the G1 phase was observed 12 h after C2-ceramide exposure (mean increase 37% (±0.6%) to 47% (±2.9%) and declined thereafter. In accordance with the increasing cell distribution into G1, a decreasing fraction of cells in S and G2/M phase was identified (Figure 4) . Interestingly, we could not reveal any cell cycle alterations upon C2-ceramide exposure in the surviving wild-type p53 cell population that did not undergo apoptosis (data not shown).
DISCUSSION
Activation of the sphingomyelin pathway specifically reduced proliferation and clonogenicity in the chemo-and radiation therapy-sensitive, wild-type p53 tumour cells due to the induction of apoptosis. These results imply that p53 is involved in the cellular response to ceramide, a specific inducer of apoptosis, that is independent of DNA damage.
The sphingomyelin-ceramide pathway can be activated by treatment of cells with TNF-α, low density lipoproteins and hydrogen peroxide. A partial p53-dependent effect on cell survival has been observed in differentiated macrophages treated with these agents (Kinscherf et al, 1998) . Preincubation with p53-antisense oligonucleotides reduced oxidative stress-dependent upregulation of p53 and decreased the amount of apoptosis by about 20%. In our cell system, we demonstrate that genetically defined tumour cells, differing only in their p53 status, have a different response to direct ceramide treatment. Ceramide strongly induced apoptosis in the wild-type p53, but not in the isogenic, p53-deficient, tumour cells.
Both p53ϩ/ϩ and p53-/-mouse embryo fibroblasts are transformed by co-expression of E1A and ras. We can not exclude that transformation of these cells might lead to subsequent genetic alterations. But such changes could also reflect the processes in carcinogenesis in wild-type p53 and p53-mutated tumours leading to different phenotypes still primarily dependent on the p53 status for their treatment response.
Previously, Lowe et al (1994b) demonstrated that the p53 level in the wild-type p53 tumour cells used for these studies, is Partial G1 arrest of p53-/-fibrosarcoma cells after C2-ceramide addition. p53-/-tumour cells were treated with C2-ceramide (20 µM) and cell cycle distribution was determined 12 and 24 h after drug addition. At least three independent experiments were performed and absence of error bars is due to minimal standard deviation up-regulated upon E1A/ras transformation. Serum depletion of the cells did not further increase the p53 level, but induced apoptosis in the wild-type p53 tumour cells (Lowe et al, 1994b) . Growth factor withdrawal can result in significant sphingomyelin hydrolysis and progressive elevation of endogenous levels of ceramide Jayadev et al, 1995) . These findings suggest that ceramide might be the pivotal mediator for the observed p53-dependent apoptosis induction upon growth factor deprivation in this tumour cell system. Stress factors may induce apoptosis by up-regulating pro-apoptotic or down-regulating anti-apoptotic processes. p53 is a direct transcriptional activator of the pro-apoptotic bax gene (Miyashita and Reed, 1995) . In addition, growth factor deprivation and elevated ceramide levels result in the down-regulation of Akt kinase. Active Akt blocks BAD-mediated cell death via phosphorylation of BAD and, presumably, subsequent reduction of Bax-homodimer formation (Datta et al, 1997; Zhou et al, 1998; Zundel and Giacca, 1998) . Thus, induction of apoptosis by stress factors including IR might be mediated by different though cooperating signal transduction processes.
We observed a transient G1 arrest in the p53-deficient tumour cells after sphingomyelin pathway activation. Similarly, a G1 arrest of the cell cycle induced by ceramide has been observed in the B lymphoma Raji cells, Hs-27 cells, and Molt-4 cells. Mechanistically, ceramide-induced cell cycle arrest has been linked to an underphosphorylated state of the retinoblastoma protein, pRb, thereby preventing further progression through the S phase upon sequestration of the transcription factor E2F (Jayadev et al, 1995; Kuroki et al, 1996; Alesse et al, 1998) . It might be interesting to exploit an even stronger induction of a p53-independent G1 arrest via dose escalation studies with ceramide or drugs interacting with the ceramide pathway in combination with other cytotoxic agents. Specific inhibitors against protein kinase C, which interferes with the sphingomyelin pathway, might be interesting candidates for such investigations (Chmura et al, 1997; Tsuchida and Urano, 1997) .
Differences in the apoptotic response after γ-irradiation in the acid sphingomyelinase knockout mice compared to the response in p53 knockout animals suggested that p53-and ceramide-mediated apoptosis are likely distinct and independent (Santana et al, 1996) . Furthermore, ceramide-induced apoptosis has been demonstrated in p53-deficient tumour cells, that rapidly undergo apoptosis as stress response to different treatments (e.g. HL-60 cells) (Jarvis et al, 1994) . However, the role of sphingomyelinase and p53 for stressinduced apoptosis can vary among various tumour cells and even more so can be different from their untransformed origins (Obeid et al, 1993; Santana et al, 1996) . p53-dependent apoptosis in response to ionizing radiation occurs to a large extent only in tumour cells and in cells prone to undergo apoptosis like primary thymocytes (Clarke et al, 1993; Lowe et al, 1993a) . Our defined cell system is derived from mouse embryo fibroblasts, that in an untransformed status, regardless of the p53 status, does not undergo apoptosis upon irradiation but acquires its strict p53-dependent apoptotic response to chemo-and radiotherapeutical treatment upon oncogenical transformation (Lowe et al, 1993a (Lowe et al, , 1994b . Thus, the different p53-dependent biological response to the second messenger ceramide as presented in this study is similar to the difference in chemo-and radiosensitivity observed in multiple human tumours with wild-type and mutated p53 status in vitro and in vivo.
The role of p53 in apoptosis induction has been mainly studied upon DNA-damaging chemotherapeutical drugs and irradiation.
However, IR also activates specific signal transduction cascades generated at the plasma membrane. Our results suggest that p53 is not only important in the cellular response to DNA damage, but also for the cellular response to specific apoptotic signal transduction cascades like the sphingomyelin pathway, generated at the plasma membrane.
